Voice Onset Time (VOT) is considered as one of the best methods for examining the timing of voicing in stop consonants and has been applied in the study of many languages. The present study is designed to examine VOT production for phonetically voiceless stops in 2) The mean VOT value for the apical stop /t/ is slightly lower than the mean value for the labial stop /p/. This does not conform to the general consensus, which states that the further back the place of articulation the longer the VOT.
Introduction
Voicing contrast in stops has been discussed in phonetics and phonology for the past few decades. Beginning with Lisker and Abramson (1964) , in their well-known cross-language study, voice onset time (VOT) has been widely used to differentiate stop categories across languages. Since then, VOT has come to be regarded as one of the best acoustic cues for discriminating three general stop categories, especially in word-initial position. In contrast with the considerable number of studies investigating stop voicing contrast in a variety of languages, only a few have examined Mandarin word-initial stops, not to mention comparing VOT patterns in Mandarin and English. Therefore, the purpose of this present study is threefold. First, it is intended to provide information for a general VOT pattern of Mandarin word-initial stops. By analyzing VOTs in stop consonants, linguists have concluded that for most languages, VOT values get longer as the place of articulation moves backward (Lisker & Abramson, 1964; Cho & Ladefoged, 1999; Gósy, 2001 ). However, there are some exceptions, such as Mandarin, which does not follow the general rule (Lisker & Abramson, 1964 ; Cho & Ladefoged, 1999; Chao, Khattab & Chen, 2006) . The second purpose is to explore the possible effects of this phenomenon. Vowel context is also examined to determine whether there is a correlation between VOT and subsequent vowels. Moreover, to date no study has focused on comparing the in-depth differences between Mandarin and English, except for Chao et al. (2006) who pinpoints the existence of subtle differences between the two languages. Thus, the third aim is to compare VOT patterns of the two languages and observe L2 production (i.e. English production) by native Chinese speakers. Lisker Although VOT is now used across the world as a linguistic cue, some researchers, however, challenge its role and importance as a reliable measure for separating phonemic categories. In their study examining voicing contrast among French-English bilinguals, Caramazza, Yeni-Komshian, Zurif, and Carbone (1973) argue that voice onset time is ineffective at differentiating stop categories. Bohn and Flege (1993) also question its importance to the perception of stop voicing. Docherty (1992) indicates that VOT narrowly concentrates on word-initial stops. Moreover, Klatt (1975) even suggests five other acoustic cues that are equally important to voice onset time: that is, low frequency energy in subsequent vowels, burst loudness, fundamental frequency, pre-voicing, and segmental duration. Even if VOT does have limitations, it is still regarded as one of the most important acoustic parameters for distinguishing voicing contrast, especially for word-initial stops.
Literature review 2.1 Voice onset time

VOT category
In Lisker and Abramson's 1964 study, all stops are classified into three groups depending on the number of stop categories in each language. VOT ranges for the three stop categories are -125 to -75ms, 0 to +25ms, and +60 to +100ms. Cho and Ladefoged (1999) 
Effect on VOT 2.3.1 Place of articulation
Some researchers have reported a significant link between place of articulation and voice onset time. Cho & Ladefoged (1999) propose some possible relations including 1) the further back the closure, the longer the VOT; 2) the more extended the contact area, the longer the VOT; and 3) the faster the movement of the articulator, the shorter the VOT. Of these three suggested links, the present study focuses on the first in connection with
Mandarin. In addition to this first principle, it may be stated that the velar stop /k/ has the longest VOT duration and bilabial stop /p/ the shortest, with the alveolar stop /t/ in between the two (Lisker & Abramson, 1964) . Factors used to explain why VOT is longer when articulation takes place nearer the back of the mouth include aerodynamics, articulatory movement velocity, and differences in the mass of the articulators (Cho & Ladefoged, 1999) .
The size of the supraglottal cavity behind the constricted points should be taken into consideration when considering the impact of aerodynamics. The cavity behind the velar stop has a smaller volume than that behind the alveolar and bilabial stops. In other words, the velar stop is under greater pressure when airflow is released; therefore, it might take longer to produce a velar stop, and the VOT value for the velar stop might be longer than either the alveolar or the bilabial stop. As for articulatory movement velocity, Cho and Ladefoged (1999) claim that the tip of the tongue and the lips move faster than the back of the tongue; moreover, the tongue tip moves faster than the lower lip. This may explain why in many languages velar stops have longer VOT than labial and alveolar stops. However, articulatory movement velocity does not affect alveolar and bilabial stops in this way in all languages, which implies that other factors are involved. In reference to the extent of articulatory contact area, Cho and Ladefoged (1999: 211) claim that, "In general, stops with a more extended articulatory contact have a longer VOT." In summary, it is indubitable that velar stops have longer VOT than the two other stops. However, no final conclusion may be reached in the case of labial and alveolar stops.
Although there is general agreement that the further back the place of articulation, the longer the VOT, there are still some exceptions. Lisker and Abramson's (1964) study reports that unaspirated stops in Tamil and aspirated stops in Cantonese and Eastern Armenian do not follow this rule. It is found that the VOT of alveolar /t/ is shorter than bilabial stop /p/, but the velar stop /k/ still has the longest VOT. Studies by Rochet and Fei (1991) and Chao et al. (2006) arrive at similar results. Investigating Mandarin Chinese, they conclude that the VOT duration for /t/ does not confirm the predictions; on the contrary, it is shorter than the VOT for /p/. The cause of this phenomenon is still unknown.
Vowel context
How vowels influence the VOT of preceding stops is still an open question. Lisker and Abramson (1967) propose that following vowels have no significant influence on VOTs, while other researchers apply similar research methods, but more systematically, and find that VOTs are longer when followed by tense high vowels (Klatt, 1975; Weismer, 1979) . Although the finer points of the issue are still undecided, a general conclusion that may be made is that vowel context does have some effects on voice onset time.
Mandarin and English stops and VOT patterns
In Lisker and Abramson's (1964) study, VOT measurements occurring before the release burst are said to have negative values, called 'voicing lead', whereas 'voicing lag' refers to measurements occurring after the release burst and are assigned positive values. Following these definitions, Keating (1984) subdivides the voicing lag dimension into 'short lag' (20-35ms) and 'long lag' (over 35ms). On the basis of this classification, stops are divided into three phonetic categories: voiced, voiceless unaspirated, and voiceless aspirated.
Mandarin and English are said to contain two stop categories; detailed descriptions of the stops in these two languages are elaborated in the following sections.
English stops
Although, as Keating (1984) mentions, English has a great deal of positional variation, in the present study only syllable initial stops are discussed. English is known to contrast voiced and voiceless phonemes in word-initial position, while voiced stops are said to have two possible phonetic realizations, voiced or voiceless unaspirated (Keating, Linker, & Huffman, 1983; Keating, 1984; Docherty, 1992 Note: /p', t', k'/ represents voiceless aspirated stops, while /p, t, k/ refers to voiceless unaspirated stops.
Mandarin stops
It is known that all Mandarin stops are phonetically voiceless and that aspiration is the only distinctive phonetic feature, differentiating two phonemic categories: voiceless unaspirated /p, t, k/ and voiceless aspirated /p', t', k'/. Unlike in English, stops in Mandarin occur only in word-initial position. Moreover, Mandarin stops fall into short lag versus long lag patterns. 
Stimuli
It is known that, in Mandarin, stops occur only in the word-initial position; moreover, all stops are phonetically voiceless and they are only distinguished by aspiration. The present experiment examines only voiceless stops in the initial position. Klatt (1975) finds that the differences in VOT values relate to the environment of the following vowel. Therefore, in this experiment each of the stops is augmented by three peripheral vowels; that is, two high vowels, /i/ and /u/, and one low vowel, /a/. The Mandarin word list consists of 16 words (excluding /k'i/ and /ki/, as no meaningful lexical items for /k'i/ and /ki/ exist in Chinese).
Note that compound words (two or three characters side by side forming a 'word') are used rather than single characters because they are more complete and more sense to the subjects.
Two procedures are used to create an English word list. First, only voiceless aspirated stops /p', t', k'/ in the word-initial position are examined here due to the debatable implementation of English voiced stops; moreover, a CVCV sequence is used to ensure the target stop is stressed. Velar /k'/ followed by the high vowel /i/ is not included, as no corresponding words are found in Mandarin. Secondly, analogous to the Mandarin stimuli, disyllabic and not monosyllabic words are used to design the English word list.
Subjects
Thirty-six native speakers of Taiwanese Chinese were recruited from various departments at National Cheng Kung University in southern Taiwan. Subjects include 21 staff (mean age= 40 years) and fifteen students (mean age= 22 years), aged from 20 to 50 (mean age for all subjects= 32 years). All of the subjects were born and raised in Taiwan, have no marked regional accent, and reported no sophisticated knowledge of linguistics at the time of testing.
Procedures
Each subject was scheduled to record the word lists in a soundproof booth, using a high-quality microphone (AKG C1000S) and a professional 2-channel mobile digital recorder (MicroTrack 24/96). The target words for both languages were randomised in order not to be predictable. The recording was made when the subjects indicated they were ready. The subjects were first asked to read each word on the Mandarin and English word lists at a normal speed and repeat the whole lists twice in a row. All speakers were allowed to ask questions and practice words with which they were unfamiliar, but they were not informed of the purpose of the experiment. After the recording, they were asked to fill in a short questionnaire relating to their linguistic background.
Measurements and analyses
Wavesurfer software was used to make acoustic measurements of the speech material.
Spectrograms and waveforms are displayed on screen and a manually controlled cursor is used for durational measurements, as shown in figure 1 . 
Results
Mandarin VOT patterns for voiceless stops are discussed in section 4.1 below. Owing to the debatable phonetic implementations for English voiced stops, only voiceless aspirated stops (/p', t', k'/) in Mandarin and English are compared. Vowel quality is also taken into consideration in section 4.1.2, below. Regarding the relation between place of articulation and VOT value, it is interesting to note that among voiceless aspirated stops, /t'/ has a higher value than /p'/, which does not conform to the general rule that VOT values rise as the place of articulation moves further back. The presented in table 3 also imply that /p'/ (SD=23.7 ms) allows more variation than /t/ (SD=18.4 ms) and /k'/ (SD=19.4 ms). As for voiceless unaspirated stops, the VOT ranges are centered around 10-18ms, 12-18ms, and 20-33ms, respectively. Unlike voiceless aspirated stops, the unaspirated /k/ (SD=9.6 ms) shows more variation than the two other stops and it may also be seen that the VOT range for /t/ is smaller than those for /p/ and /k/. 
Mandarin VOT 4.1.1 VOT means and distribution
Vowel context
Although there is an exception (Fant, 1973) , it is widely accepted that word-initial stops have longer VOT values when followed by high vowels than by low vowels (Klatt, 1975 report that "all the stops, except /t/ which does not yield significance, have significantly longer VOTs when the following vowel is /i/ or /u/ than when it is /a/." Figures 5 and 6 show VOTs for voiceless stops followed by one of the three vowels, /i, u, a/. As the figures indicate, the VOTs for the unaspirated stops /p, t, k/ and the aspirated stops /p', t', k'/ are shorter when followed by the low vowel /a/ than by the high vowels /i/ and /u/. When doing t-test, the result also reveals that vowels, high or low, have significant effect on the VOTs for stops [p< .05]. VOTs are not stark but subtle, which raises the question whether L2 learners are aware of the slight differences between the two languages and are capable of producing them with authentic L2 production. This issue will be further discussed in section 5, below.
Apart from the differences mentioned above, place of articulation is another point which is worth noting. It is widely known that the further back the place of articulation, the longer the VOT, and there seems to be a general consensus on this. However, as figure 7 indicates, the mean VOTs for English /p', t', k'/ follow this rule, whereas Mandarin /p'/ and /t'/ do not.
Moreover, the VOT values for aspirated bilabial and alveolar stops are closer to each other in Mandarin than in English VOT patterns. 
VOT means and distribution
Discussion
Three important conclusions may be derived from the present study and will be discussed in detail below.
With respect to Mandarin VOT patterns, the VOT means obtained for the six Chinese stops are somewhat lower than the data reported in previous studies (Rochet & Fei, 1991; Liao, 2005; Chao et al., 2006) , as shown in table 5, below. The lowness of these values may be explained as follows. First, disyllabic words were used in the present study, rather than the monosyllables which were examined in the study by Rochet & Fei (1991 As for vowel context, it is found that the VOTs for stops, both unaspirated and unaspirated, are longer when followed by the high vowels /i/ and /u/ than by the low vowel /a/. This supports the findings of many studies (Port, 1979; Gósy, 2001; Rochet & Fei, 1991; Chao et al., 2006) . Although there are some exceptions (Lisker & Abramson, 1967; Fant, 1973) , more and more studies support the view that high/low vowel quality influences the VOT value of preceding stops. Front/back vowel quality has no significant influence on VOT.
Since the differences between Mandarin and English VOTs are subtle, it is worth observing the English VOT performance of Chinese speakers. Chao and Chen (2006) propose that native Chinese speakers often produce English /p', t', k'/ with 'compromise'
VOT values. Whether these speakers are able clearly to distinguish the subtle differences between the two languages, or whether their production both for the same persons over time and for different speakers could be examined further and taken into consideration in future studies.
